Associations between granins (secretogranin II (SgII) and chromogranin A and B (CgA and CgB)) and gonadotrophins (LH and FSH) have been reported in rodents and they may interact to facilitate differential storage and secretion of LH and FSH. This study investigated the relationship between granins and gonadotrophins in sheep at different stages of the oestrous cycle. Thirty-four cycling ewes had their oestrous cycles synchronised, and were divided into late luteal (LL; n=5) and early (EF; n=4), mid (n=3) and late (LF; n=11) follicular stages, and 24-53 h (n=5), 80-100 h (n=3) and 120-144 h (n=3) after the preovulatory LH surge (PS). LH mRNA levels were low in LF ewes (when plasma levels and pulse frequency of LH were high) but had increased by 80-100 h PS. In contrast, FSH mRNA levels decreased during the follicular phase and plasma FSH concentrations followed a similar pattern, to peak at 24-53 h PS due to low plasma oestradiol levels. While -gonadotrophin subunit ( -GSU), SgII and CgA mRNA levels did not change, CgB mRNA levels were elevated in EF ewes and had declined in ewes around the surge. Four distinctly sized mRNA transcripts (1·3, 2·0, 2·8 and 3·2 kb) were observed for CgA mRNA, while a double band was observed for LH mRNA that was subsequently reduced to a single band after 3 -poly(A) tail truncation. The long and short LH transcripts were prevalent in follicular and luteal ewes respectively. Numbers of LH +ve /FSH -ve granules stored within gonadotrophs were not different in LL and LF ewes (even though proportions of LH +ve granules were higher in LF ewes), but were reduced at 24-53 h PS. The majority of LH +ve granules also contained SgII, although few CgA +ve granules were found. Granule partitioning was evident whereby FSH and CgA were located near the periphery, and LH and SgII throughout the matrix. In conclusion, increases in both storage of LH +ve granules and secretion of LH in LF ewes despite constant LH mRNA levels was facilitated, at least in part, by improved LH mRNA transcript stability. Fewer LH +ve /FSH -ve granules were in storage after the PS, which was mirrored by a reduction in LH pulsatile release. Surprisingly, in view of results in rodents indicating significant changes, SgII and CgA mRNA levels did not change over the oestrous cycle in sheep. Conversely, CgB mRNA levels decreased around the time of PS. These novel results illustrate major differences in granin-gonadotrophin interactions between sheep and rodents.
Introduction
Gonadotrophins, luteinising hormone (LH) and folliclestimulating hormone (FSH), are synthesised in, and secreted from, highly specialised gonadotroph cells situated in the anterior pituitary gland. Despite being co-localised within not only the same cell but also a high proportion of granules (Watanabe et al. 1991 (Watanabe et al. , 1993 (Watanabe et al. , 1998 , LH and FSH are secreted differentially (Childs et al. 1987 , Lloyd & Childs 1988 . LH is secreted in a pulsatile manner directly mimicking the pulsatile release of gonadotrophin-releasing hormone (GnRH) (Clarke & Cummins 1982 , Evans et al. 1994 , Levine 1997 , while FSH is secreted tonically (Farnworth et al. 1988 (Farnworth et al. , 1995 . Differential regulation of gonadotrophins is presumably facilitated through a complex interplay of multiple mechanisms including a direct action of hypothalamic GnRH, and both direct and indirect actions of gonadal-derived steroids (oestradiol and progesterone) and peptides (activin, inhibin and follistatin (Farnworth et al. 1988 , Carroll et al. 1989 , Gharib et al. 1990 , Wang et al. 1990a ,b,c, Mann et al. 1992 , Hamernik 1995 , Besecke et al. 1996 , Burger et al. 2001 ). Furthermore, alterations in GnRH pulse frequency selectively stimulated gonadotrophin subunit gene transcription rate, with faster frequencies augmenting -gonadotrophin subunit ( -GSU) and LH mRNA levels, and slower frequencies upregulating FSH mRNA levels (Haisenleder et al. 1991) . This appeared to be facilitated via intermittent increases in intracellular Ca 2+ (Haisenleder et al. 1997) . The majority of LH synthesised within gonadotrophs seems to be shunted into storage, only to be released upon extracellular stimulation (regulated secretion). In contrast, it is thought that FSH is primarily secreted constitutively and hence trafficked to the site of exocytosis shortly after synthesis, and released. However, there is evidence that some LH is also released constitutively (McNeilly et al. 1991) to possibly maintain basal levels of LH in sheep (Crawford et al. 2000) and mice (Crawford et al. 2001 (Crawford et al. , 2002 .
The intracellular regulatory agents contained within the Golgi apparatus, endoplasmic reticulum and granules that may assist differential release of gonadotrophins are largely unknown. Early studies illustrated localisation of granins (secretogranin II (SgII), chromogranin A (CgA) and CgB) to a few endocrine cell types by immunocytochemical methods (O'Connor et al. 1983 , Cohn et al. 1984 , Rosa et al. 1985 , Rundle et al. 1986 , Hearn 1987 but there is no information available on the possible role granins may play in aggregation, sorting and trafficking of gonadotrophins. Electron microscopy was later used to investigate the subcellular distribution of granins in the rat pituitary. Distinct populations of granules, characterised by size, were discovered to contain specific granins and gonadotrophins. In male rats, large (500 nm) electron-lucent granules immunopositive for CgA, LH and FSH, and small (200 nm) electron-dense granules immunopositive for SgII and LH were observed. A third type of intermediate-sized (400 nm) granule immunopositive for CgA, SgII and LH was evident after GnRH stimulation (Watanabe et al. 1991 , 1993 , Jeziorowski et al. 1997 . Moreover in female rat pituitaries, granule populations altered over the oestrous cycle. Small electron-dense SgII-positive granules were observed throughout the cycle, while very few large CgAand SgII-positive granules were observed during diestrus and proestrus. At E 0000 and E 0800 , numerous SgII-and CgA-positive granules were discernible, and a third population of CgA-only granules emerged (Watanabe et al. 1998) . The close physical relationship between granins and gonadotrophins, and the attributes of CgA as a high-capacity, low-affinity Ca 2+ storage protein (Yoo 1994 , Yoo et al. 2000 and the presence of a binding site within CgA for an integral secretory granule membrane receptor/Ca 2+ channel called inositol 1,4,5-triphosphate (IP 3 ) receptor (Ferris et al. 1989 , Yoo 1994 , Yoo et al. 2000 ) strongly suggest that CgA has regulatory actions on protein packaging and/or intragranular organisation. Additionally, aggregative properties of both CgA and SgII under conditions found within the transGolgi network and mature secretory granules (low pH and high calcium environment) also suggest a potential regulatory role in sorting, packaging and trafficking of secretory proteins (Gerdes et al. 1989 , Gorr et al. 1989 , Yoo 1996 . Indeed, absence of GnRH input to the pituitary gland in male mice resulted in preferential storage of SgII, and subsequently increased intragranular co-aggregation with LH. Administration of buserelin to these mice resulted in the apparent release of LH +ve /SgII +ve granules that was reflected by increased plasma LH concentrations, indicating these granules were in the regulated secretory pathway. In comparison, secretion of LH +ve /SgII -ve granules did not appear to be influenced by the actions of buserelin and were perhaps destined for constitutive release (Crawford et al. 2002) .
A characteristic of the regulated secretory pathway is that transcriptional rates do not reflect secretory patterns. Nonetheless, regulation of gene expression and translation efficiency may be facilitated through alterations in stability and subsequent half-life of mRNAs. Indeed, a decline in LH , FSH and -GSU mRNA levels after exposure to actinomycin D was associated with progressive mRNA shortening due to a reduction in 3 -poly(A) tail length in cultured rat pituitary cells (Bouamoud et al. 1992) . Moreover, LH and -GSU mRNA polyadenylation increased after pulsatile GnRH administration in rats (Weiss et al. 1992) , and decreased after progesterone treatment in ovine pituitary cultures (Wu & Miller 1991) . However, progesterone alone or in combination with oestradiol further enhanced GnRH-induced LH mRNA stability in cultured rat pituitary cells (Park et al. 1996) . Additionally, administration of activin to rat anterior pituitary cell cultures treated with actinomycin D increased the half-life of FSH mRNA from 3·1 to 6·5 h (Carroll et al. 1991) . Therefore, gonadotrophin synthesis appears to be regulated at both the transcriptional and post-transcriptional level under artificial situations and it would be interesting to establish whether this phenomenon occurs in animals under natural conditions such as during the oestrous cycle.
The relationship between granins and gonadotrophins at the ultrastructural level in sheep is not known, and would lend an insight into the intragranular sorting, packaging and trafficking regulatory mechanisms involved in the differential secretion of gonadotrophins. Additionally, the contributions of post-transcriptional regulation of gonadotrophin synthesis in sheep under natural conditions are unknown. This study investigated the relationship between transcription, storage and secretion of gonadotrophins in sheep at different stages of the oestrous cycle, and endeavoured to identify post-transcriptional modifications of gonadotrophin mRNA transcripts. Differential gonadotrophin secretion is likely to be facilitated through alterations in granule packaging indicating that granins may play a major role. Therefore this study also investigated specific changes in the synthesis of granins over the oestrous cycle in sheep, and investigated possible morphological changes at the ultrastructural level that may explain any differences.
Materials and Methods

Animals and experimental design
Thirty-four Welsh Mountain ewes with regular oestrous cycles were synchronised by withdrawal of progestagen-impregnated sponges (60 mg medroxyprogesterone acetate per sponge; Intervet Laboratories Ltd, Cambridge, Cambs, UK) after 13 days in situ in early February 1997. A group of animals (n=5; late luteal group; LL) were killed a further 14 days later and luteolysis was induced in the remaining animals (approximately day 10 of the following cycle) by administration of a synthetic analogue of prostaglandin F 2 (PG) (100 mg cloprostenol) (Estrumate; Coopers Animal Health Ltd, Crewe, Cheshire, UK). Groups of animals were killed at 24, 48, 72, 96, 168 or 216 h after PG administration. Blood samples were collected from all animals via a jugular catheter every 4 h from 20 h after PG administration until 4 h prior to killing. In groups PG+96 h, PG+168 h and PG+216 h, sampling frequency was reduced to every 7-18 h after 76 h post-PG treatment. Pulse profiles of LH were obtained in all groups by an intensive collection of blood samples every 10 min for 4 h immediately preceding killing.
After killing, pituitary glands were extracted forthwith, and a small section was separated from the adenohypophyseal mid-region in all animals for processing for transmission electron microscopy (TEM). The remainder of the pituitary gland was snap frozen in liquid nitrogen for analysis of LH , FSH , -GSU, SgII, CgA and CgB mRNA expression. Following RIA of plasma hormone levels, and morphological analysis of ovaries for the presence of corpora lutea and stage of follicle development, size and presence of ovulation stigma, animals were divided into early (EF; n=4), mid (MF; n=3) and late (LF; n=11) follicular stages, and 24-53 h (n=5), 80-100 h (n=3) and 120-144 h (n=3) after the preovulatory LH surge (PS).
RNA extraction and Northern blot analysis
Total RNA was extracted from frozen pituitary tissue and mRNA levels were quantified in either 7·5 µg (LH , -GSU), 15 µg (FSH , SgII) or 30 µg (CgA, CgB) samples of total RNA by Northern analysis using an appropriate 32 P-labelled cDNA probe. The preparation of 32 P-labelled cDNA probes for LH , FSH , -GSU and rat 18S ribosomal RNA oligonucleotide has previously been described (Brooks et al. 1992 (Brooks et al. , 1993 ). Preparation and labelling of cDNA probes to determine SgII, CgA and CgB mRNA expression levels involved amplification of cloned human CgA cDNA from pGEM3 cloning vector (American Type Culture Collection, Rockville, MD, USA) and cloned bovine CgB, and bovine SgII, cDNA from pcDV-1 cloning vector (gifted from Dr R Fischer-Colbrie, Departments of Pharmacology, University of Innsbruck, Austria) using PCR (Saiki et al. 1988) . The reaction mix contained oligos SP6 and T7 (0·5 mM), dNTPs (0·2 mM), Taq polymerase buffer (50 mM KCl, 10 mM Tris-HCl pH 9, 1·5 mM MgCl 2 , 0·01% gelatin, 0·1% Triton X-100) and Taq polymerase (2·5 U; Promega). Plasmid DNA (100-500 ng) containing the respective cDNA insert served as the reaction template and 35 amplification cycles were performed in an Omni Gene Thermal Cycler (Hybaid, Teddington, Middlesex, UK). The amplified PCR products were checked for correct size and purified using either Clontech ChromaSpin +TE-100 columns (SgII and CgB) (Cambridge Bioscience, Cambridge, Cambs, UK) or a spin-bind DNA recovery system (CgA) (FMC, Denmark) according to the manufacturers' instructions. All cDNA probes were labelled to specific activities of >1 10 9 c.p.m./µg with Redivue [ -32 P]dCTP (Amersham Pharmacia Biotech UK Ltd, Little Chalfont, Bucks, UK) using a random prime labelling system (Amersham Pharmacia Biotech). Uniformity of loading was measured by reprobing the membrane with a rat 18S rRNA probe. The intensity of the bands was quantified using a phosphorimaging system (Phosphorimager 860; Molecular Dynamics, Sevenoaks, Kent, UK) and changes in specific mRNA levels were expressed as corrected values (expressed relative to 18S rRNA concentrations). The method of truncation of the 3 -poly(A) tail from LH mRNA using RNase H digestion is described in full in Bouamoud et al. (1992) .
The sizes of four CgA transcripts were estimated by running two additional sheep pituitary total RNA samples alongside RNA markers (RNA MillenniumSize Markers; Ambion Ltd, Huntingdon, Cambs, UK) on a denaturing agarose gel. The preparation of 32 P-labelled cDNA probes and execution of Northern analysis for CgA is described above. Visualisation of RNA markers directly on the blot allowed accurate alignment with the phosphor-image and was achieved by soaking the blot in 5% acetic acid (AnalaR acetic acid; BDH, Merck Ltd, Poole, Dorset, UK) in diethyl pyrocarbonate (DEPC)-treated H 2 O for 15 min, and then transferred to 0·5 M sodium phosphate (pH 5·2; BDH, Merck Ltd), 0·04% methylene blue (Gurr's Ltd, London, UK) in DEPC-treated H 2 O for 10 min at room temperature (RT) while gently agitating on an orbital shaker (CAMLAB, Over, Cambs, UK). The blot was then washed in DEPC-treated H 2 O overnight, and then photographed and aligned alongside the phosphor-image of the CgA transcript bands using the AdobePhotoshop computer program (Adobe Systems Inc., San José, CA, USA).
TEM
Tissue sections were immersion-fixed overnight (for no more than 18 h) at RT in TEM fixative (2% paraformaldehyde, 0·1% glutaraldehyde and 0·2% picric acid in 0·1 M phosphate buffer pH 7·6). Tissue sections were dissected into approximately 1-2 mm 3 pieces and washed in 0·1 M acetate buffer (pH 7·6; 3 10 min) at RT. Tissue was en-bloc stained in 2% aqueous uranyl acetate (Agar Scientific Ltd, Stansted, Essex, UK) at RT for 1 h, washed in 0·1 M acetate buffer (pH 7·6; 2 5 min) and then subjected to a graduated methanol treatment regimen (2 15 min in each of 70, 90 and 100% AnalaR methanol preparations; BDH Merck Ltd, Lutterworth, Leics, UK). Specimens were infiltrated overnight in 1:1 absolute methanol:LR gold resin (Agar Scientific Ltd) at 20 C, and then in 100% LR gold resin at 20 C for 1 h. Tissue underwent a final exchange into LR gold resin-benzoin (2·5 mg/ml) mix at 20 C overnight before being embedded in fresh LR gold resin-benzoin-filled gelatin capsules and polymerised at 20 C under UV light for at least 24 h.
Ultrathin sections (80 nm) were cut with glass knives using a Reichert Jung Ultracut ultramicrotome (Wild Leitz Ltd, Milton Keynes, Bucks, UK), and mounted on hexagonal 200 mesh gold grids (Agar Scientific Ltd). Sections of pituitary gland tissue were immunogold labelled for LH, FSH, SgII and CgA using a method described in Crawford et al. (2002) . The antibodies used in this study were a monoclonal antibody against bovine LH (1:200 518B7; Dr J F Roser, Department of Animal Science, University of California (Matteri et al. 1987) ) and rabbit-raised antisera against human FSH (1:200M91; gift from Dr S Lynch, Birmingham, UK), bovine SgII (1:1000; Pel-Freez Biologicals, Rogers, AR, USA) and bovine CgA (1:500; Incstar Corporation, Stillwater, MN, USA). Incubations with monoclonal antibody and polyclonal antisera were administered on the same side of the section, and incubation with two polyclonal antibodies was possible by incubating on opposite sides of the section. Sections were triple stained in Reynold's lead citrate (10 min), 2% uranyl acetate (1 h) and again in Reynold's lead citrate (10 min), washing thoroughly in double distilled H 2 O between incubations. Sections were viewed under a Philips CM 120 Biotwin TEM.
The approximate sizes of granules were estimated by comparison with an accompanying scale bar. (1976) and McNeilly et al.(1986) respectively. Within this study, the limit of detection for NIH ovine LH-S18 was 0·3 ng/ml, and the intra-and inter-assay coefficients of variation were <10%. The sensitivity of the FSH RIA was 0·1 ng/ml, and the intra-and inter-assay coefficients of variation were <10%. Circulating levels of oestradiol were measured after extraction, using a previously described RIA (Mann et al. 1995) with reagents from an MAIA oestradiol kit (Serono Diagnostics, Fleet, Hants, UK). All samples were measured in a single assay with a minimum limit of detection of 0·2 pg/ml and an intra-assay coefficient of variation of 12·9%.
Statistical analysis
All values reported are means S.E.M. Data were analysed using one-way ANOVA and where significant interactions were observed, a post-hoc Fisher's protected least significant difference test was performed. For the analysis of the relationship between plasma and pituitary mRNA levels for gonadotrophins, changes in mean plasma LH and FSH concentrations at various stages of the oestrous cycle were calculated by meaning values taken from all 10 min blood samples collected from each animal 4 h prior to killing.
Results
Mean mRNA expression and plasma levels of gonadotrophins, granin and oestradiol
For the analysis of the relationship between pituitary mRNA levels and plasma concentrations for gonadotrophins, mean plasma LH and FSH concentrations were calculated by meaning values taken from all 10 min blood samples collected from each animal 4 h prior to killing (Fig. 1) . Representative profiles of plasma LH and FSH concentrations in an individual animal from each group in this study are illustrated in Fig. 2 . Mean plasma oestradiol concentrations for each group were calculated by meaning values taken from the last blood sample before killing from each animal in each group (Fig. 3) . Mean LH mRNA levels remained constant throughout the follicular stage of the oestrous cycle and immediately after ovulation, but did increase (P<0·05) at 80-100 h after ovulation but declined again (P<0·05) thereafter (Fig. 1) . In contrast, mean plasma LH concentrations were low in LL ewes (Fig. 1) , at a time when pulsatile LH secretion was infrequent (Fig. 2, Table 1 ), but had significantly increased (P<0·01) in LF ewes (Fig. 1) , which was coincident with increased frequency of pulsatile LH release (Fig. 2, Table 1 ). All animals in the post-ovulation groups exhibited a PS prior to ovulation (Fig. 2) . Mean plasma LH concentrations were significantly reduced (P<0·05) at 120-144 h PS, compared with that in LF ewes (Fig. 1) . Although mean LH pulse frequency was significantly reduced (P<0·05) at 0-28 h PS, pulse frequency had recovered to preovulation levels by 32 h after ovulation (Table 1) . There was no correlation between LH subunit mRNA levels and mean plasma levels of LH (correlation analysis = 0·073; P = 0·68).
Mean FSH mRNA levels were significantly diminished (P<0·05) in MF-LF, compared with LL, staged animals ( Fig. 1) , and remained unaltered following ovulation. Mean plasma FSH concentrations were low during the LL phase and remained low throughout the entirety of the follicular period (Fig. 1) . Despite this, some individual animals showed a subtle increase in FSH concentrations during the EF-MF phase, only to decline again during the MF-LF phase (Fig. 2) . Mean plasma FSH concentrations had significantly increased (P<0·05) 24-53 h PS, compared with sheep in the LL and follicular stages of the oestrous cycle and had declined (P<0·05) to preovulation levels by 120-144 h PS (Fig. 1) . A concomitant surge in plasma FSH levels at the time of the PS was observed in 7 of 11 animals that ovulated (Fig. 2) . In contrast to LH, there was a stronger correlation between mean FSH mRNA and mean plasma FSH levels (correlation analysis = 0·335; P=0·052). There were no significant changes in levels of -GSU mRNA expression during the oestrous cycle (Fig. 1) .
Mean plasma oestradiol concentrations were significantly elevated (P<0·05) in LF, compared with that in LL and EF ewes but had significantly declined (P<0·05) in ewes that had ovulated 24-53 h previously (Fig. 3) , which verified the grouping of animals into the oestrous cycle stages.
Four transcript sizes (approximately 1·3, 2·0, 2·8 and 3·2 kb) were observed for pituitary-derived CgA mRNA in sheep in this study (Fig. 4) . The total RNA loaded onto the denaturing gel with the RNA markers was derived from additional sheep pituitary glands and revealed strong 1·3 and 2·0 kb bands, and weak 2·8 and 3·2 kb bands (Fig. 4) . However, the pituitary RNA derived from sheep in this experiment showed four strong bands after probing for CgA (Fig. 4) . No significant changes in mean CgA mRNA levels were detected for any of the transcript sizes over the oestrous cycle (Fig. 5) . Similarly, there were no significant alterations in mean SgII mRNA expression levels during the oestrous cycle (Fig. 5) . Mean CgB mRNA expression levels were significantly lower (P<0·05) in LF ewes and after ovulation, compared with EF ewes (Fig. 5) .
Examination of a Northern blot probed with LH revealed two slightly different transcript sizes that appeared either solely in a single band or together as a double band (Fig. 6a) . Enzymatic removal of the 3 -poly(A) tail from these transcripts by RNase H digestion resulted in a single band of equal transcript size (Fig. 6a) . The majority of samples with the slightly larger LH transcript size were from ewes in the follicular phase, while the bulk of samples with the smaller LH transcript size were from animals in the early luteal or LL stages (Fig. 6b) . Moreover, samples that exhibited both transcript sizes tended to be those from animals near the time of intersection between follicular and luteal stages (Fig. 6b) .
Morphological observations of gonadotrophs at the ultrastructural level
The area of cytoplasm containing granules is termed the granular area in this study, and was observed to be in Figure 2 Representative profiles of plasma LH and FSH concentrations in individual sheep sampled from prior to (late luteal (LL) group only) and after luteolysis until time of killing in LL, early (EF), mid (MF) and late follicular (LF), and early luteal (24-53, 80-100 and 120-144 h) stages of the oestrous cycle. An intensive profile to determine pulsatility of LH 4 h prior to killing in MF and LF, and early luteal staged animals is displayed in boxes. () Plasma LH concentration (ng/ml), () Plasma FSH concentration (ng/ml).
various positions within gonadotrophs. A non-polarised position was defined as an even dispersion of granules throughout the cytoplasm (Fig. 7a) . A polarised position was defined as the granule area being located in only one half of the gonadotroph, at a region adjacent to a blood vessel (Fig. 7b) . Gonadotrophs in which the bulk of the granular area was located in one half of a gonadotroph but a small proportion of granules were dispersed throughout the rest of the cytoplasm were defined as semi-polarised cells (Fig. 7c ). There were no significant differences observed in the proportions of non-polarised, semi-polarised or polarised cells in LL, LF or 24-53 h PS ewes (Fig. 8) .
There appeared to be two populations of granules within gonadotrophs throughout the oestrous cycle. The predominant form was smaller in size (50-300 nm) and ranged from electron-light to -dark in appearance (see Figs 12a-14b) . The less prevalent form was larger in size (300-600 nm) and electron-light in appearance (termed light-dense bodies or LDBs; see Fig. 13a ).
Pituitary sections from five animals killed during LL and LF stages, as well as at 24-53 h PS were double immunogold labelled using LH and FSH antisera. The total number of granules/80 nm thick gonadotroph was no different in LL and LF ewes, although numbers had diminished (P<0·005 and P<0·001 respectively) in gonadotrophs from ewes at 24-53 h PS (Fig. 9a) even though exocytosis was rarely observed at any stage of the oestrous cycle (Fig. 10) . The number of LDBs did not change in gonadotrophs from ewes at different stages of the oestrous cycle (data not shown). In those sections co-labelled with LH and FSH, granules were predominantly LH +ve /FSH -ve (Fig. 9b ) and numbers significantly declined (P<0·05) in animals 24-53 h PS, compared with that in LL and LF ewes (Fig. 9b) (Fig. 9b) . The majority of LH +ve /FSH +ve granules labelled for LH at a moderate-heavy density (>10 gold particles/granule) and FSH at a light density (1-3 gold particles/granule; Fig. 11a ), while heavy labelling for both was rarely Data were analysed by one-way ANOVA and when a significant interaction was observed, a post-hoc Fisher's protected least significant difference test was performed. Different letters indicate statistically significant differences (P<0·05).
Table 1
Change in mean plasma LH pulse frequency and range of number of pulses in sheep killed during late luteal, early, mid and late follicular and early luteal (0-28, 32-53, 80-100 and 120-144 h post-ovulation) stages of the oestrous cycle. Data were analysed by one-way ANOVA and when a significant interaction was observed, a post-hoc Fisher's protected least significant difference test was performed observed. LH-bound gold particles were found throughout the matrix of the granule while FSH-bound gold particles were mostly located near the periphery of the granule (Fig. 11b) .
Number of LH pulses/4 h
In those sections co-labelled with LH and SgII, the majority of granules present were LH +ve /SgII +ve granules while a smaller proportion were either LH +ve /SgII -ve or LH -ve /SgII -ve (Fig. 12a ). Very few LH -ve /SgII +ve granules were observed. There was no difference in the proportions of these immunopositive granules in LL and LF ewes, although there were fewer (P<0·05) LH -ve /SgII -ve granules in LF ewes (Fig. 12a) . Similar to LH, SgII-bound gold particles were located throughout the granule matrix. Granular labelling densities varied with a tendency for light SgII label density (1-3 gold particles/granule) to be associated with variable density labelling for LH (Fig. 13a) , while granules densely labelled (>5 gold particles/granule) for SgII were generally associated with moderate-heavy density labelling for LH (Fig. 13b) . (Fig. 12b) . Similar to FSH, immunogold label for CgA was preferentially situated near the periphery of the granule, the latter being more extrinsically located. Specific labelling of granules for both antigens was sparse (Fig. 14a) for the majority of gonadotrophs and only a very small proportion of gonadotrophs contained heavily labelled FSH +ve /CgA +ve granules (Fig. 14b) .
A higher proportion (P<0·05) of total LH +ve granules (sum of mono-and bi-labelled) were found in LF ewes, compared with LL ewes, although the proportions of total FSH +ve , SgII +ve and CgA +ve granules in gonadotrophs were similar between these two groups (Fig. 12c) .
Discussion
We have previously reported intragranular co-aggregation of SgII and LH that was associated with the promotion of intracellular granule storage of gonadotrophs in mice in the absence of GnRH input. Increased numbers of LH +ve / SgII +ve granules retained within the cytoplasm appeared to have been released after buserelin treatment, strongly suggesting that these granules were GnRH-responsive and implicated in the regulated secretory pathway. Meanwhile, fewer LH +ve /SgII -ve granules were observed in GnRH antiserum-treated mice, and numbers did not change after buserelin treatment, suggesting that these granules were unresponsive to GnRH and therefore being constitutively released (Crawford et al. 2001 (Crawford et al. , 2002 . This study revealed that the intracellular mechanisms involved in gonadotrophin storage in sheep are very different from those in mice. This has significant implications for research into gonadotrophin synthesis and secretion in general and especially when extrapolating between mice and sheep.
Although there was no change in total granule numbers between LL and LF ewes, an overall increase in numbers of LH +ve granules was observed in LF ewes. Unlike in male mice (Crawford et al. 2001 (Crawford et al. , 2002 , an increase in intracellular LH storage was not associated with an increase in intracellular SgII storage and may be due to LH -ve granules somehow acquiring LH, rather than increased synthesis of LH +ve granules. Regardless of the mechanism, this implies active accumulation of LH in preparation for the massive PS. At 24-53 h after the surge, there were markedly fewer intracellular granules present. This is consistent with previous work in recently ovulated sheep whereby replenishment of intracellular granule stores within gonadotrophs, to levels found during LL phase, was only half-completed by 96 h after the surge and was reflected by an absence of LH pulsatility (Crawford et al. 2000) . Similarly in this study, a reduction in LH pulse frequency was observed 24-53 h after the surge.
A high proportion of LH +ve /FSH -ve granules was observed in ewes during the LL stage but had declined by 24-53 h PS, suggesting these granules were released during the surge. LH was predominantly stored with (Crawford et al. 2002) implying that granule processing is different in these species. Nevertheless, it appears that SgII is always stored with LH as very few LH -ve /SgII +ve granules were observed in either sheep (this study) or male mice (Crawford et al. 2001 (Crawford et al. , 2002 . Rarely, gonadotrophs (Crawford et al. 2001 (Crawford et al. , 2002 , and male and female rats (Watanabe et al. 1993 (Watanabe et al. , 1998 . The potential binding ability of CgA to integral membrane IP 3 receptor (Ferris et al. 1989 , Yoo 1994 , Yoo et al. 2000 may provide an explanation. Alternatively, rigorous tissue processing methods required for TEM may have compromised the sensitive antigenic properties of FSH and CgA leading to sparse immunolabelling, or it may simply represent the fact that only small amounts of FSH and CgA are stored within gonadotrophs of ewes.
Figure 13
TEMs of cytoplasmic areas containing granules with (a) light labelling density for SgII (1-3 15-nm gold particles/granule) and moderate labelling density for LH (>10 5-nm gold particles/granule) and (b) heavy labelling density for both LH and SgII (>5 gold particles/granules) after immunogold labelling for LH and SgII in gonadotrophs from sheep pituitary glands. A proportion of granules were positively labelled for either LH-only (single arrowhead) or both LH and SgII (single arrow), while some granules contained no gold particles (immunonegative, double arrowheads). Note a large light-dense body (LDB) (double arrows) present in (a), and that labelling for both LH and SgII was located throughout the matrix of the granules.
Figure 14
TEMs of cytoplasmic areas of gonadotrophs immunogold bi-labelled with FSH and CgA revealed that (a) the majority of granules contained very sparse labelling density for both FSH and CgA (10-nm and 15-nm gold particles respectively), and that (b) moderate-heavy labelling density for both FSH and CgA was rarely observed in pituitary glands of sheep. The bulk of granules were immunonegative for both FSH and CgA (double arrowheads), while a small number of granules were observed to contain either FSH-only (single arrowhead), or both FSH and CgA (single arrow). Note that labelling for both FSH and CgA was predominately situated at the periphery of the granule.
at least in part, by improved LH mRNA transcript stability through the lengthening of the 3 -poly(A) tail. After the PS, gonadotrophs contained fewer LH +ve / FSH -ve granules, which was mirrored by a significant reduction in pulsatile release of LH. Surprisingly, in view of the results in rodents indicating significant changes, there were no differences in SgII and CgA mRNA levels over the oestrous cycle in sheep. Conversely CgB mRNA levels decreased nearing, and after, the PS. These novel results illustrate major regulatory differences in gonadotrophin secretion between sheep and rodents. 
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